SUMMARY Hydroxyapatite crystals have been found in synovial fluids and periarticular spaces in association with osteoarthritis. This study examined the morphology of the interaction of macrophages and synovial cells with hydroxyapatite in order to determine the fate of hydroxyapatite over an extended culture period. Mouse peritoneal macrophages and bovine synovial cells were grown as monolayers. The morphology of the interaction between hydroxyapatite crystals (HAC) and these cells was studied by light microscopy, transmission and scanning electron microscopy for up to 14 days. Phagocytosis of HAC, phagosome formation, and concentration of crystal aggregates around the cells began within four minutes of their addition to the cultures. Phagocytosis and cellular aggregation continued after this time. HAC caused minimal cellular disruption despite the uptake of large amounts of crystalline material and significant cellular enlargement. HAC remained within cells for the duration of the study without any apparent dissolution by the cells. Whether macrophages are stimulated to produce interleukin I as a result of HAC uptake is currently under investigation.
Clearance of the crystals may occur through uptake by type A synovial cells, as has been shown for calcium pyrophosphate dihydrate and other calcium phosphate crystals in human and rabbit joints. 6 Clearance of the particulate material may also occur by its phagocytosis by neutrophils or macrophages chemotactically attracted to the synovial space from the peripheral circulation. Products of the ingestive and degradative activity of the cells on the crystals may Cultures on Millipore filters were used for scanning and transmission electron microscopy (SEM and TEM). For TEM filters were fixed in 2-5% cacodylate-buffered glutaraldehyde for two hours at room temperature at four, 10, 60 minutes, and 24 and 48 hours after the addition of crystals. The filters were then postfixed in 2% osmium tetroxide for one hour, dehydrated through graded ethanols, and embedded in epoxy embedding resin. Transverse sections of the filters were cut and stained with uranyl acetate and lead citrate.
For SEM filters were fixed at 24 hours in glutaraldehyde (as above), dehydrated through ethanol, and critically point dried with carbon dioxide as the transitional fluid. The filters were then attached to copper stubs with silver dag and coated with carbon and gold. Specimens were examined by JEOL 100CX TEMSCAN and JEOL JSM P15 microscopes. Bar=5 prm.
hours the cells were less numerous; those remaining were engorged with particulate material (Fig. la) (Fig. 2a) . Cells had endocytosed small aggregates of HAC after four minutes. The crystals were contained in membrane bound phagosomes (Fig. 3) . After 60 minutes few primary lysosomes were seen in the cells. At 24 hours the cells had endocytosed large amounts of HAC and most of the cytoplasm had become a phagosome (Figs lb and c) . After two days much of the HAC had disaggregated but the cells were still intact and attached to the filter. (Fig. 4) . Some cell processes extended a short distance into the filter. The cells had begun to endocytose the HAC crystals by surrounding them with pseudopods after only 10 minutes. At 60 minutes the cells contained large amounts of HAC enclosed within membrane bound vacuoles. After seven days the cells were still intact and contained large quantities of particulate material (Fig. 5) . for some rounded cells that were not in contact with the substrate (Fig. 2b) . After 24 hours the cells that had been exposed to HAC were rounded and covered less of the filter surface (Figs lc and d) . Thin filopodia were still attached to the filter. Cell processes and crystalline material were present on the cell surfaces.
Synovial cells
Synovial cells grown on Millipore filters did not show the same degree of confluency as cells grown on plastic. The control cells were spindle shaped with eccentric ovoid nuclei
Discussion
The removal of hydroxyapatite crystals from the synovial fluid of sufferers of apatite-associated arthritis is accomplished predominantly by macrophages (derived from the peripheral circulation) and by type A synovial cells. 13 It was therefore of interest to investigate the interaction of HAC and macrophages in a controlled environment.
Murine peritoneal macrophages were chosen as the source of mononuclear cells because of their ready availability and use in previous studies of macrophage/bone powder interactions. 1415 Milli pore filters are widely used as in-vitro cell supports and are ideal for use in ultrastructural cell studies, since they are not affected by the solutions used in processing. 16 Macrophages are very responsive to environmental changes, and tissue culture conditions are artificial. The cells attempt to endocytose the substrate on which they are grown. 17 This is illustrated by the cytoplasmic spreading of cells in contact with the filters, whereas the cells on top of those were rounded in shape. Synovial cells in culture show extensive morphological alterations,'8 and special culture conditions are required to maintain the type A and B cells.19 Since these conditions were not adhered to, it is likely that the synovial cells grown were essentially fibroblastic.
The appearance of the control macrophages examined 24 hours after seeding into the wells was characteristic of macrophages in culture as described by Adams.21 With the passage of time the numbers of cells decreased. This phenomenon reflected the heterogeneity of the macrophage population with varying degrees of attachment capability and ability to survive in vitro.
The concentration of HAC added to each well (120 ,ug) was similar to that used by Cheung et al.,25 who studied the mitogenic effect of HAC on synovial cells grown in similarly sized wells. The quantity of HAC used did not appear to cause overloading of the cells and was sufficient to carpet the floor of the wells evenly.
Precoating of the HAC with protein adsorbed during the crystal sizing procedure was not considered to have influenced the nature of the cell! crystal interaction, since the experiments were all carried out in the presence of 10% FCS. It is not known whether proteins adsorbed by the crystals were denatured during drying; however, there was no clear evidence of protein coating in the TEM sections.
The light microscopic, TEM, and SEM appearance of cell cultures to which small HAC aggregates had been added showed the rapid uptake of large quantities of crystals. Although the number of cells decreased with time, no free crystals were observed around the remaining cells, indicating that crystals released from necrotic cells had been endocytosed by the remaining cells. In general, it appeared that only the cells that had endocytosed very large amounts of crystals were damaged.
The avidity and rate at which the macrophages endocytosed the particulate materials added to the cultures corresponded to the findings of a previous study2l where quartz particles (1-3 tm, 100 ,ug/ml (mg/I)) were endocytosed within two to four minutes by cultured rat alveolar macrophages.
Murine macrophages are able to endocytose up to 50% of their plasma membrane before reaching capacity; new membrane is then synthesised over the following six hours. 22 The rounding of the cells that occurred after uptake of HAC is consistent with the uptake of milled metal particles by similar cells.23 It was thought that the cells became rounded as a result of interiorisation ofthe cell processes during phagocytosis.
There was no morphological evidence that the macrophages were actively engaged in crystal dissolution. Lysosomes were abundant within macrophages before addition of crystals but were sparse at subsequent times. The disappearance of the lysosomes may have occurred as a result of 'regurgitation' during crystal endocytosis or discharge into the phagosomes. Synthesis of new lysosomes may have been wholly or partially inhibited by the presence of large quantities of crystals that occupied the bulk of the cells' cytoplasm.
Murine macrophages are known to dissolve calcium from radiolabelled bone powder by contact dependent resorption; 14 isotope release occurs rapidly and continues in a linear fashion for at least 48 hours. 5 
